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Infections with parasitic helminths are important causes of mor-
bidity and mortality worldwide. New drugs that are parasite
specific and minimally toxic to the host are needed to counter these
infections effectively. Here we report the finding of a previously
unidentified compound, nafuredin, from Aspergillus niger. Nafure-
din inhibits NADH-fumarate reductase (complexes I 1 II) activity, a
unique anaerobic electron transport system in helminth mitochon-
dria, at nM order. It competes for the quinone-binding site in
complex I and shows high selective toxicity to the helminth
enzyme. Moreover, nafuredin exerts anthelmintic activity against
Haemonchus contortus in in vivo trials with sheep. Thus, our study
indicates that mitochondrial complex I is a promising target for
chemotherapy, and nafuredin is a potential lead compound as an
anthelmintic isolated from microorganisms.

Helminthiasis is a crucial problem worldwide, because it is not
only a major cause of human morbidity in the tropics as well

as temperate climates (1), but is responsible also for enormous
economic losses in livestock animals (2). In addition, recent
results suggest that helminth infections impair the immune
response of the host to HIV and tuberculosis and might con-
tribute to the spread of these diseases (3). Furthermore, the
emergence of resistance against generally used anthelmintics
makes the problem more serious (2, 4). Therefore, the devel-
opment of novel and potent anthelmintics is urgent. Different
classes of broad-spectrum agents such as levamisole, pyrantel,
benzimidazoles, and the macrocyclic lactones (e.g., avermectin)
have been used widely to treat helminthiasis (5). However, the
discovery of potent new classes of anthelmintics has been rare
after our discovery of avermectin (6), which was isolated from
Streptomyces avermitilis and has been used to treat filariasis
worldwide. Regular treatment of livestock causes the emergence
of resistance against these classes of drugs. Therefore, there is a
steady and urgent need to develop novel anthelmintics and to
find new potential targets for such compounds.

Because helminths have exploited a variety of energy-
transducing systems in their adaptation to the peculiar habitats
in their hosts, differences in energy metabolisms between the
host and helminths are attractive therapeutic targets of helmin-
thiasis. NADH-fumarate reductase is part of a unique respira-
tory system in parasitic helminths (7–10) and is the terminal step
of the phosphoenolpyruvate carboxykinase-succinate pathway,
which is found in many anaerobic organisms (11–13). The
composition and linear sequential order of the respiratory
components of NADH-fumarate reductase have been elucidated
with mitochondria from the parasitic nematode, Ascaris suum
(Fig. 1; refs. 14–17). Electrons from NADH are accepted by
rhodoquinone through complex I (NADH-rhodoquinone oxi-
doreductase), and then transferred to fumarate through complex

II (rhodoquinol-fumarate reductase). This anaerobic electron
transport couples site I phosphorylation in complex I by trans-
locating protons across the inner mitochondrial membrane,
providing ATP even in the absence of oxygen. Although this
system has been thought to be a good target for developing
anthelmintics, only a few compounds have been reported [e.g.,
bithionol (18) and thiabendazole (19)] to be inhibitors of
rhodoquinol-fumarate reductase, and the relationship between
their enzyme inhibitions and anthelmintic activities is not clear
because their inhibitory activities are weak.

Therefore, to find new-class anthelmintics, we carried out
screening for inhibitors of NADH-fumarate reductase by using
A. suum mitochondria.

Materials and Methods
Fermentation and Purification of Nafuredin. Aspergillus niger FT-
0554 was cultured in 500-ml Erlenmeyer flasks containing 100 ml
of a production medium [2.4% potato dextrose broth (Difco)
and 25% natural seawater (34%0 salinity)] on a rotary shaker
(210 rpm) at 27°C for 6 days. The mycelium collected by filtering
the cultured broth was extracted first with acetone and then with
n-hexane. The n-hexane layer was evaporated to dryness and the
crude extract was chromatographed on a silica gel column eluted
with n-hexane and ethyl acetate (stepwise elution). The active
fraction eluted with n-hexane-ethyl acetate (10:2, volyvol) was
evaporated; finally, nafuredin was obtained as a white powder by
precipitation in n-hexane. Nafuredin: [a]D

27 1 89.9 (c0.1, chlo-
roform); UV lmax (ethanol) 253 nm (« 23,000); IR nmax (KBr)
3,440, 1,740 cm21; MS (high-resolution fast atom bombardment)
calculated for C22H33O4 [M 1 H]1 361.2379, found 361.2374.

Enzyme Assays. The rhodoquinol-fumarate reductase activity was
measured in assay mixtures containing 50 mM potassium phos-
phate (pH 7.4), 0.05% (wtyvol) sucrose monolaurate, 10 mM
b-D-glucose, 20 units of glucose oxidase, 26 units of catalase, 100
mM decyl-rhodoquinone, and 1 mM sodium borohydride. The
reaction is started by the addition of sodium fumarate (5 mM).
The millimolar extinction coefficient of rhodoquinone is 7.9 at
283 nm. Synthetic procedures for decyl-rhodoquinone will be
described elsewhere. The NADH-fumarate reductase activity
was measured in assay mixtures containing 50 mM potassium
phosphate (pH 7.2), 10 mM b-D-glucose, 20 units of glucose
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oxidase, 26 units of catalase, and 200 mM NADH. The reaction
is started by the addition of sodium fumarate (5 mM). The
absorbance change at 340 nm (millimolar extinction coefficient
of 6.2 for NADH) was followed. Other enzyme activities were
measured as described (16).

Sheep Studies. Methods for evaluating anthelmintic activity
against Haemonchus contortus in sheep were performed as
described (20). Sheep were infected orally with 5,000 L3 larvae
of H. contortus. Three sheep were treated orally with 2 mgykg
body weight of nafuredin each dissolved at 1% in an emulsifying
solution (1 ml Cremophor ELyglycerinformal 1: 2, 7 ml H2O),
and two sheep were treated only with the emulsifying solution as
controls. Fecal egg counts were monitored until 11 days after
treatment in a way similar to that described (20).

Results and Discussion
We have screened more than 10,000 culture broths of fungi and
actinomycetes that showed inhibition against NADH-fumarate
reductase of A. suum and found an inhibitor, nafuredin, from the
culture broth of A. niger FT-0554 isolated from a marine sponge.
Nafuredin has a structure of epoxy-d-lactone with a methylated
olefinic side chain (Fig. 2). Details of the finding and structure
elucidation of nafuredin will be presented elsewhere.

To study the mode of action of nafuredin, we examined its
effect on various electron-transport activities of the A. suum
NADH-fumarate reductase system (Table 1). Nafuredin inhib-
ited NADH-fumarate reductase and NADH-rhodoquinone ox-
idoreductase activities with IC50 values of 12 nM and 24 nM,
respectively, but it showed only weak inhibition of rhodoquinol-
fumarate reductase (IC50 5 80 mM). In these assays, we used
synthetic short-chain rhodoquinone (or rhodoquinol) possessing
an n-decyl group as an alkyl side chain. The kinetic analysis
revealed that the inhibition is uncompetitive with NADH (data
not shown) and competitive with rhodoquinone (Fig. 3), indi-
cating that the site of inhibition of nafuredin is the quinone-
binding domain in complex I. Furthermore, nafuredin inhibits
complex I (NADH-ubiquinone oxidoreductase) in L2 larvae of
A. suum, which possess aerobic energy metabolism as in mam-
mals (16, 21), at the same concentration range (IC50 5 8.9 nM),
suggesting that nafuredin is effective against both adult and
larval stages. In contrast, the IC50 value for rat liver complex I
was more than 1,000 times higher than for the A. suum complex
I (Table 1). Thus, nafuredin is a markedly selective inhibitor of
helminth complex I and expected to be an excellent anthelmintic.

On the basis of these observations, we next analyzed the
efficacy of nafuredin by using an animal model. In sheep studies,
2 mgykg [given orally (p.o.)] of nafuredin exerted anthelmintic
activity against H. contortus (wireworm) by suppressing the egg
output of female worms within 11 days after treatment (Fig. 4).
A greater than 90% egg reduction was observed at day 11.
Furthermore, egg output was completely suppressed when the
sheep were treated similarly again 1 week after the first treat-
ment (data not shown). This anthelmintic activity may be caused
by the hampered energy metabolism of the parasite, because
complex I from H. contortus was also sensitive to nafuredin,
although the inhibitions were relatively weaker than those for
A. suum (Table 1). Moreover, nafuredin was effective in mice

Fig. 1. NADH-fumarate reductase system in A. suum adult mitochondria and
inhibition site of nafuredin. In the phosphoenolpyruvate carboxykinase (PEPCK)-
succinate pathway, phosphoenolpyruvate (PEP) produced by a glycolytic process
is carboxylated to form oxaloacetate and is then reduced to malate. The cytosolic
malate is transported intothemitochondria,where it isfirst reducedtofumarate,
and finally to succinate by the rhodoquinol-fumarate reductase activity of com-
plex II. The terminal step is catalyzed by the NADH-fumarate reductase system
comprising complex I, rhodoquinone (RQ), and complex II, as described in the
text. Aerobic and anaerobic respiratory chains are boxed in broken lines. Elec-
tron-transfer flavoprotein (ETF) dehydrogenase:rhodoquinone branch ( ) is
also included. ETF-DH, ETF-dehydrogenase; ECR, enoyl-CoA reductase.

Fig. 2. Structure of nafuredin with absolute configuration.

Table 1. Effects of nafuredin on electron transport enzymes

IC50 (nM)

Complex
Ascaris suum

(adult)
Ascaris suum

(L2)

Haemonchus
contortus

(adult) Rat liver

NADH-fumarate reductase I 1 II 12 — — 1,000
NADH-ubiquinone reductase I 8 8.9 86 10,000
NADH-rhodoquinone reductase I 24 9.0 195 .100,000
Rhodoquinol-fumarate reductase II 80,000 — — —
Succinate-ubiquinone reductase II .100,000 — — .100,000

—: Not tested.
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infected with dwarf tapeworm, Hymenolepis nana (data not
shown). There were no signs of any side effects and no loss of
body weight during the whole tests in either sheep (2 mgykg p.o.)
or mice (50 mgykg p.o. and i.p.).

Although nafuredin has the common structural features of
ordinary complex I inhibitor, that is, a polar heterocyclic ring and
hydrophobic tail moiety (22), this compound shows markedly
selective inhibition of helminth complex I. In mammals, complex
I comprises 43 different subunits with a molecular mass of about
1,000 kDa. Despite recent structural studies, little is known about
the electron-transport pathway, proton-translocation mecha-
nism, and mode of action of a large number of specific inhibitors
that compete for the quinone-binding site. Kinetic studies sug-
gest that these inhibitors can be grouped into three classes and
that hydrophobic inhibitors share a common large binding
domain with partially overlapping sites (22–24). Participation of
PSST subunit to this inhibitor-binding site in mammalian com-

plex I has been demonstrated (25). Helminth complex I may
contain this inhibitor-binding domain because the NADH-
cytochrome c oxidoreductase activity of A. suum mitochondria
is sensitive to ordinary complex I inhibitors such as rotenone and
piericidin A (26). However, specific inhibition by nafuredin
indicates that the structure of the domain in helminth complex
I differs somewhat from that of its mammalian counterparts. The
present study clearly shows that complex I is a promising target
for anthelmintics. Studies on the mode of action of nafuredin will
provide new insights into the structure-function relationship of
helminth complex I.
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Fig. 3. Kinetic analysis of nafuredin inhibition of complex I for rhodoqui-
none. The catalytic activities were expressed as nmol of NADH oxidized per
min per mg of protein. The assays were performed in 50 mM potassium
phosphate buffer (pH 7.2), 1 mM KCN, 200 mM NADH, and 30 mg A. suum
mitochondria, at 30°C. The enzymatic reaction was started by the addition of
decyl-rhodoquinone. The absorbance change at 340 nm (millimolar extinction
coefficient of 6.2 for NADH) was followed.

Fig. 4. Results of H. contortus infectious experiments in sheep. Eggs per
gram of feces from H. contortus infected sheep on different days before and
after oral treatment with 2 mgykg nafuredin compared with untreated
infected sheep are shown. Values are the means of two experiments (controls)
or three experiments (treated animals) 6 SD.
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